Introduction
Temporal lobe epilepsy (TLE) is characterized by the selective loss of inhibitory interneurons, which have a central role in the regulation of neuronal activity [1] . The reduction of inhibitory signals in the hippocampal circuitry generates persistent hyperexcitability that leads to excitotoxicity and consequent neuronal loss [2] . Epilepsy treatment can be challenging because of factors such as side effects of treatments and the development of drug-resistant or refractory epilepsy. Benzodiazepines are frequently used in the treatment of seizures as they potentiate the interneuron-mediated inhibition and effectively regulate refractory epilepsy [3, 4] . However, this class of drugs is associated with adverse effects such as sedation, ataxia, and cognitive impairment [3] . Surgical resection represents an alternative treatment option for refractory epilepsy, but might result in neurological deficits [4] . Accordingly, other therapeutic strategies for the treatment of refractory epilepsy, such as cell replacement, have been investigated. The MGE (medial ganglionic eminence) region is the primary source of inhibitory interneurons during development [5] . Transplanted MGE-derived cells have the ability to migrate, differentiate into inhibitory interneurons, integrate into the host circuitry, and increase the inhibitory tone [5] [6] [7] . MGE cell transplantation has been shown to promote behavioral improvements in animal models of TLE by restoring the inhibitory circuitry [8] . Most of these cell therapy studies performed transplantation of MGE cells immediately after extraction (freshly dissociated cells). Freshly dissociated cells from MGE are able to migrate after transplantation and maintain the inhibitory phenotype and functionality [5] [6] [7] . Alternatively, MGE cells can be cultured as neurospheres, cellular aggregates that grow as spheres in suspension in the presence of fibroblast growth factor-2 (FGF-2) and epidermal growth factor (EGF). Neurospheres are able to differentiate into any of the three major cell types of the central nervous system: astrocytes, oligodendrocytes, and neurons [9] .
Culturing MGE cells as neurospheres allows the manipulation of the medium composition to influence the cell differentiation processes. For instance, removing EGF and FGF2 factors promotes an increase in the neuronal population [10, 11] , and the addition of retinoic acid (RA) induces the differentiation of neural stem cells into neural progenitor cells and neurons [12] [13] [14] . In this study, we tested whether the addition of RA and removal of growth factors (FGF-2 and EGF) in vitro modulated the expression of Dlx1, Lhx6, and Nkx2.1 transcription factors, which are involved in the differentiation of inhibitory interneurons, and enhanced the neuronal differentiation of MGE neurosphere cells. Furthermore, MGE precursor cells have been shown to suppress epileptic seizures in studies using either freshly isolated cells [6, 15, 16] or cells expanded as neurospheres [17, 18] . However, no study has compared different culture conditions of MGE-derived neurospheres with freshly isolated cells after transplantation into epileptic brain. Here, we harvested and expanded MGE-derived neurospheres in different culture conditions and compared them with freshly isolated cells by evaluating the anticonvulsant potential and the pattern of neural differentiation following their transplantation in the hippocampus of rats subjected to the pilocarpine model of epilepsy.
Materials and Methods

Animals
Embryos of Sprague Dawley rats (14.5 days postconception) constitutively expressing green fluorescent protein (GFP) were used as donors of MGE cells for transplant. Adult male Sprague Dawley rats (8-10 weeks old) were used as hosts. All protocols were approved by the Research Ethics Committee of the Federal University of São Paulo (CEP 0024/12).
Neurosphere Culture
MGE region was dissected to harvest cells. MGE-derived cells were cultured at a density of approximately 100,000 cells/ml. Standard culture medium was composed of DMEM-F12 (Invitrogen, Carlsbad, CA, USA) supplemented with 1% N2 supplement (Invitrogen), L-glutamine (2 mM; Invitrogen), EGF (20 ng/ml; SigmaAldrich, St. Louis, MO, USA), FGF2 (10 ng/ml; R&D Systems, Minneapolis, MN, USA), penicillin (100 units/ml), streptomycin (100 lg/ml), and amphotericin B (0.25 lg/ml) [19] . Cells were cultured in standard culture medium for 5 days to form neurospheres.
After the 5-day period, we manipulated the composition of the cell medium by adding retinoic acid (RA) and/or withdrawing growth factors (GF). For 7 days, cells were cultivated in one of four experimental conditions: (1) GF: standard medium, containing the growth factors EGF/FGF2; (2) GF-RA: RA (1 lM; Roche Applied Science, Laval, QC, Canada) was added to the standard medium; (3) WD: EGF and FGF2 were not added to the medium (growth factors withdrawal condition); (4) WD-RA: addition of RA (1 lM) to the medium in the absence of growth factors.
Immunofluorescence of Neurospheres
Neurospheres were fixed in 4% paraformaldehyde (PFA), dehydrated in crescent sucrose concentrations, frozen on dry ice, and sectioned in cryostat at 20 lm. Sections were incubated for 30 min in blocking solution containing 2% normal goat serum and 0.1% Triton X-100 in phosphate-buffered saline (PBS), followed by overnight incubation at 4°C with the primary antibodies for anti-b-tubulin III (1:500; Sigma-Aldrich), anti-GFAP (1:1000; Dako, Carpinteria, CA , USA), and anti-Nestin (1:500; Chemicon, Temecula, CA, USA). After washing in PBS, sections were incubated with secondary antibodies (anti-mouse Alexa 555 and Alexa 488 anti-rabbit-1:600 all from Invitrogen) for 2 h. Nuclei were stained with DAPI (1:10,000; Thermo Fisher Scientific, Carlsbad , CA, USA) and the plates were analyzed using a fluorescence microscope (80i Nikon, Melville, NY, USA) with the Neurolucida 10.42.1 capture software (MBF Neuroscience, Williston, VT, USA).
Flow Cytometry
Neurospheres were trypsinized, mechanically dissociated, and fixed in 2% PFA. Cells were then washed in PBS and incubated for 30 min in blocking buffer solution (2% normal goat serum and 0.01% Triton X-100 in PBS). After the blocking, cells were RNA Extraction, cDNA Synthesis, and Quantitative PCR Total RNA was extracted from neurospheres cultured in all four experimental conditions explained previously, from freshly isolated MGE cells (positive control) and from a ventral sample of the body of 14.5 days embryos (negative control). RNA extraction was performed using TRIzol reagent (Invitrogen) according to manufacturer's instructions. SuperScript III (Invitrogen) was used for the complementary DNA (cDNA) synthesis according to the manufacturer's protocol. Two micrograms of total RNA was used for both Oligo(dT) 15 primer (500 lg/ml, Promega, Madison , WI, USA) and Random Primer (100 lg/ll, Invitrogen).
The qPCR reaction was performed using Brilliant â II SYBR 
Pilocarpine Model of Epilepsy
Rats were submitted to the pilocarpine model of epilepsy. A single pilocarpine injection (320 mg/kg, i.p.) was given to the rats. To block the peripheral effects of pilocarpine, rats were pretreated with methyl scopolamine (1 mg/kg, i.p.). Animals developed status epilepticus (SE) for 90 min and thereafter were treated with Tionembutal â (Cristalia, 25 mg/kg, i.p.) to stop the SE and reduce the mortality rate.
Intrahippocampal Transplantation of MGE Cells
Neurospheres from MGE cultured in WD-RA and GF conditions as well as freshly isolated MGE cells from embryos were prepared for transplantation. MGE tissue and/or neurospheres were mechanically dissociated by repeated pipetting in DMEM-F12/DNase, and then, they were centrifuged and resuspended in DMEM-F12. Cell number and viability were determined by cell counting in a Neubauer chamber using the trypan blue exclusion method. Transplantation of MGE-derived cells was performed 7-10 days after the development of SE. Rats were deeply anesthetized with xylazine (10 mg/kg) and ketamine (80 mg/kg), and 400,000 cells per animal were injected into the hippocampus (dentate gyrus, DG; coordinates: À4.0 mm AP, AE3.0 mm ML, À3.5 mm DV) in both hemispheres. Cells were administered using a total volume of 4 ll.
Epileptic rats were distributed in experimental groups according to the treatment received as follows: epileptic rats that received freshly isolated MGE cells comprised the Pilo-FR group (n = 8); epileptic rats that received MGE cells cultured as neurospheres in the WD-RA, and GF conditions comprised, respectively, the Pilo-WD-RA group (n = 8) and Pilo-GF group (n = 10); and finally, the Pilo-CTRL group (n = 10) were composed by epileptic animals that received vehicle only (DMEM-F12).
Behavioral Analysis of Spontaneous and Recurrent Seizures
Approximately 7 days after cell transplantation, animals were placed in individual and transparent cages for the observation of spontaneous and recurrent seizures (SRS). For the recordings, we used the Intelbras system, composed of a camera, a TV, and hard drive, where the videos were stored. We identified and counted only type IV and type V seizures, according to the Racine scale [20] . The rats were monitored for 90 days, 9 h/day, in a total of 810 h of observation.
Immunofluorescence of Brain Slices
Under deep anesthesia, rats were euthanized 120 days after the cell transplantation. Animals were submitted to transcardiac perfusion with PBS, followed by 4% PFA. Brains were removed and postfixed in 4% PFA and then placed in 30% sucrose in PB until sinking. Coronal sections (30 lm) were obtained in cryostat. Transplanted cells were examined by immunofluorescence using an anti-GFP antibody (Green Fluorescent Protein, Thermo Fisher Scientific, 1:600) and the following inhibitory interneurons markers: anti-NPY (Neuropeptide Y, Sigma-Aldrich, 1:1000, anti-PV (Parvalbumin, Sigma-Aldrich, 1:1000), anti-CR (Calretinin, Milipore, Darmstadt, Germany, 1:1000) and anti-GFAP to verify the pattern of differentiation of GFP + transplanted cells toward these cell types. Briefly, sections were washed in PBS and incubated in primary antibody diluted in PBS overnight. On the following day, sections were incubated for 2 h with a fluorochrome-conjugated secondary antibody (Alexa 488 and Alexa 546) and washed in PBS. Slides were mounted and sealed with DPX and were subsequently analyzed by fluorescence microscopy using the Neurolucida capture software (MBF Bioscience).
To perform the cell quantification, five coronal sections containing the hippocampus (bregma À3.0 to À4.8) were selected from each animal that received cell transplantation (Pilo-WD-RA n = 6, Pilo-GF n = 6 and Pilo-FR n = 4). For each animal, 10 images containing CA1 and DG were analyzed. 
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5.0. Kruskal-Wallis test followed by Games Howell post hoc test was used to analyze the in vitro results. In addition, in vivo data were analyzed using ANOVA and Dunn post hoc.
Results
Retinoic Acid and Absence of Growth Factor Condition (WD-RA) Enhance Neuronal Differentiation and Expression of Dlx1, Lhx6, and Nkx2.1 Genes in MGE Neurosphere Culture
To identify the most favorable culture condition (GF, GF-RA, WD, and WD-RA) for neuronal differentiation, we analyzed the markers b-tubulin III, Nestin, and GFAP using flow cytometry and immunofluorescence. In addition, we analyzed the expression of the genes Dlx1, Lhx6, and Nkx2.1, which are expressed in interneuronal progenitors from the MGE, after neurosphere expansion in vitro.
Flow cytometry results showed a higher percentage of cells labeled by the neuronal marker b-tubulin III in the WD-RA condition (20%), followed by the WD condition (16%). However, the percentage of b-tubulin III-positive cells was significantly different in WD-RA (v 2 = 10,081, P < 0.05), but not in WD, when compared to the GF (3.7%) and GF-RA conditions (7.8%) (Figure 1A) . The presence of neural precursors was identified by Nestin and GFAP markers ( Figure 1C ,E). We found no statistically significant difference in the percentage of cells labeled by Nestin or GFAP between groups. Immunofluorescence qualitative analysis for b-tubulin III, GFAP, and Nestin ( Figure 1B ,D,F) in neurosphere slices taken from experimental culture conditions corroborated the flow cytometry data. WD-RA condition exhibited the more intense staining for b-tubulin III, followed by the WD condition ( Figure 1B ). Relative expression of genes by qPCR: Dlx1 (G), Lhx6 (H), and Nkx2.1 (I). As positive and negative controls, we used the MGE region and body parts of embryos (E14), respectively.
As expected, freshly dissociated MGE cells (positive control) showed the highest levels of Dlx1, Lhx6, and Nkx2.1 gene expression. GF was chosen as control sample for real-time PCR analysis because it is the standard neurosphere culture condition. Among the four neurosphere culture conditions, the highest levels of Dlx1 expression was observed in the WD-RA condition, 39 times higher than the D1x1 expression in GF and twice the levels observed in WD ( Figure 1G ). For Lhx6, the transcriptional analysis showed an expressive increase in the expression levels in the WD and WD-RA conditions when compared to GF (37 and 32 times, respectively, Figure 1H ). Expression of Dlx1 and Lhx6 was not significantly affected by the addition of RA to the cell culture medium (GF-RA condition). Expression of Nkx2.1 increased in all groups when compared to the GF condition by at least twice. The higher change was observed in the WD-RA condition, which was associated with an increase in the Nkx2.1 gene expression (four times) in comparison with the GF condition ( Figure 1I ). Thus, a downregulation of Dlx1, Lhx6, and Nkx2.1 genes occurred when MGE-derived cells were expanded in culture as neurospheres in comparison with freshly dissociated MGE cells. Cells cultured in the WD-RA condition displayed the highest levels of the investigated transcripts, associated with MGE regional specification, when compared to the neurospheres grown in GF and GF-RA conditions.
Freshly Isolated and Neurosphere-Cultivated MGE Cells are Effective in Reducing Epileptic Seizures, but MGE Fresh Cells Gave Rise to Larger Amounts of Inhibitory Interneurons
We transplanted MGE cells in the hippocampus of rats submitted to the pilocarpine epilepsy model to evaluate their anticonvulsant potential. In addition, we evaluated the differentiation of these cells into inhibitory interneurons and glial cells after the transplantation in the epileptic brain.
In our in vitro experiments, we observed that WD-RA was associated with higher percentages of neuronal markers and relatively high expression levels of Dlx1, Lhx6, and Nkx2.1. On the other hand, the standard culture condition, GF condition, was the less favorable condition for neuronal subtype and MGE-related specific genes. These results suggest that WD-RA is a promising alternative for inhibitory neuron expansion. So, we chose cells from these two divergent neurosphere's conditions, together with freshly isolated MGE cells, to evaluate their anticonvulsant potential and the differentiation pattern into inhibitory interneurons and glial cells after transplantation into epileptic brain.
For the seizure frequency and duration analyses, the inclusion criteria were established as at least one behavioral seizure type IV and/or V detected by video-monitoring. The Pilo-FR group showed a significant reduction in the frequency and total duration of seizures (type IV + type V seizures) compared to the Pilo-CTRL group (respectively, F 3,32 = 2849 and F 3,32 = 3007; P < 0.05; Figure 2A,B) . By classifying the seizures according to the Racine scale, we also observed a significant reduction in the frequency and duration of type IV seizures in the Pilo-GF group when compared to the Pilo-CTRL group (respectively, F 3,32 = 3693 and F 3,32 = 3984; P < 0.05; Figure 2D ,E). We did not observe significant differences in the frequency and duration of seizures type V, or in the temporal analysis of each seizure once all animals included in this analysis presented seizures with similar duration, although the Pilo-FR group presented the lowest mean. Moreover, we did not observe statistical differences in frequency and duration of type IV, type V seizures or in the total of seizures (type IV + V) when we compared the three experimental groups (Pilo-WD-RA 9 Pilo-GF 9 Pilo-FR). Pilo-WD-RA group and Pilo-CTRL group displayed similar frequency and duration of seizures.
After the seizure observation period, all transplanted animals were euthanized and transplanted cells were analyzed by immunofluorescence. GFP + cells transplanted during the epileptogenic period were found in the hippocampus in the chronic phase of spontaneous recurrent seizures. We observed that these cells remained at the site of injection, restricted to the DG and CA1 regions of the hippocampus. Additionally, we identified GFP + cells co-localized with NPY, CR, PV, and GFAP in all experimental groups, which indicates that part of the transplanted cells differentiated into inhibitory interneurons or glial cells after transplantation into the brain of epileptic animals ( Figure 3 Figure 3H ).
Discussion
In this study, we investigated whether modifications in the culture medium of MGE-derived neurospheres improved neuronal differentiation and expression of genes related to MGE specification. Moreover, we compared the anticonvulsant effects and cell differentiation pattern of transplanted MGE cells in an epileptic rat model. This is the first study comparing the effects of intrahippocampal transplantation of MGE-derived cells either cultured as neurospheres or transplanted immediately after fresh dissociation in long-term chronic epileptic animals. Our in vitro experiments demonstrated that growing MGEderived neurospheres in the absence of growth factors and presence of RA is an alternative strategy for inhibitory neuron expansion. The short-term withdrawal of growth factors (EGF and FGF-2) from the culture medium combined with the addition of RA increases the differentiation of MGE-derived neurospheres into neurons. In addition, WD-RA condition efficiently preserved upregulation of transcription factors related to interneuron's fate specification. RA has been shown to induce neural cell differentiation into neurons and to promote their survival in vitro [14, [21] [22] [23] . Furthermore, studies have shown that the use of EGF and FGF2 in low concentrations or their temporary removal increases the number of neurons in neurosphere cultures [10, 11, 24, 25] . In agreement with the literature, our results indicated that RA and the growth factors EGF and FGF2 have opposite biological functions; RA negatively modulates proliferation and stimulates the neuronal differentiation of neural progenitors, whereas GF stimulates proliferation and maintains cells in an undifferentiated state [26] . Accordingly, adding RA while deleting GF from the culture medium may enhance the induction of neuronal differentiation.
The present in vitro data also provided insights into the eventual functionality of MGE progenitor cells grown as neurospheres, implicating the critical participation of GF, in that EGF and FGF2 negatively modulated the expression of key transcription factors (Dlx1, Lhx6, and Nkx2.1) that are involved in inhibitory interneuron differentiation. In support of our findings, studies have shown changes in transcription profiles during cell phenotype determination in vitro [27] [28] [29] [30] . Interestingly, we observed that the addition of RA to the culture medium combined with the absence of growth factors increased Dlx1, Lhx6, and Nkx2.1 gene expression. This could be attributed to the higher amount of differentiated cells in this condition, as the expression of D1x1 in MGE-derived cells increases after differentiation [31] . Importantly, RA is required to induce the expression of genes that are fundamental to inhibitory interneuron specification. Along this line of investigation, lateral ganglionic eminence (LGE)-derived neurospheres from mouse embryos lacking RA synthesis fail to differentiate into inhibitory interneurons [32] .
Surprisingly, the advantages of using the WD-RA culture condition we observed in vitro were not found in our in vivo experiments. The transplantation of MGE neurospheres cultured with RA and in the absence of growth factors (Pilo-WD-RA group) failed to produce anticonvulsant effects. Transplantation of these cells under this cell culture condition resulted in only a few surviving grafts expressing GFAP and interneuronal markers in the epileptic brain. Perhaps, this low number of differentiated cells was not sufficient to trigger any protective effect. EGF and FGF2 are important for survival and proliferation of neural stem cells grown as neurospheres [19] . It is possible that the absence of these factors functionally modified these cells, altering survival and proliferation rates after transplantation. In contrast, the transplantation of both fresh MGE cells and neurospheres cultured in the presence of growth factors led to a reduction in the number of seizures. Similar protective effects have been observed previously in cell transplantation studies using either fresh MGE cells [8, 15, 33] or MGE cells grown as neurospheres [18, 34] .
Transplantation of MGE cells has been proposed to exert its seizure suppression effects by establishing new inhibitory synapses and, consequently, restricting neuronal hyperexcitation activity during seizures [6, 8, 33] . Our study showed that epileptic rats that received freshly isolated MGE cells (Pilo-FR group) exhibited the highest percentages of inhibitory interneurons and the greatest reduction in the frequency and total number of seizures. Furthermore, these results demonstrated that expansion of MGE cells in neurospheres, even in stringent culture conditions designed to maintain their regional specification, is not suitable for therapies involving inhibitory interneuron transplantation and cell replacement. Fresh MGE cells have been shown to be more effective as transplantable inhibitory interneuronal precursors, in that in experimental models of anxiety, freshly isolated MGE cells significantly reduce anxiety behavior [35] , but MGE cells after expansion as neurospheres were not able to enhance the inhibitory tonus [36] .
Freshly isolated MGE cells do not lose their regional molecular memory and, therefore, are able to give rise to new interneurons in the host's brains as noted in previous studies [35, 37, 38] . Cells expanded as neurospheres are prone to differentiate into astrocytes [18, 39] . Specifically, EGF signaling influences the differentiation of neural progenitors into astrocytes [40] . Furthermore, neurospheres seem to contain a more heterogeneous cell population than freshly dissociated MGE [41] , consisting of not only inhibitory but also excitatory neurons, astrocytes, oligodendrocytes, and immature cells.
Medial ganglionic eminence neurospheres grown in standard culture condition displayed low numbers of inhibitory interneurons when transplanted in epileptic animals (Pilo-GF), but high amounts of glial cells, which may account for the reduction in the epileptic seizure frequency. It is plausible that the MGE cells cultured as neurospheres in the growth factor condition modulated the frequency of seizures by mechanisms related to glial cells, such as the secretion of trophic factors and the modulation of inflammation. Additionally, a decline in the frequency of the seizures in epileptic animals transplanted with neurospheregrown MGE cells has been correlated with an increase in the number of astrocytes with antiepileptic properties [18] .
In conclusion, EGF, FGF-2, and RA influenced MGE cell fate differentiation during their expansion as neurospheres. Neurosphere-grown MGE cells effectively reduced seizures in the pilocarpine model of TLE, possibly due to their propensity to differentiate into glial cells. However, the transplantation of fresh MGE progenitor cells displayed greater anticonvulsant effects and much more robust capacity to differentiate into inhibitory interneurons in vivo compared to neurosphere-grown MGE cells. Taken together, the present findings suggest that freshly dissociated and neurosphere-grown MGE cells reduce seizures by different mechanisms. This study provides preclinical evidence that the neurosphere technique, even with growth factor supplementation in the culture medium, is not appropriate for cell therapies designed to generate inhibitory interneurons. Future studies should further investigate the underlying mechanisms of anticonvulsant potential of neurosphere-grown MGE cells for optimizing their therapeutic benefits in epilepsy. 
